1. Background {#sec83266}
=============

Repairing peripheral nerve injuries with sufficient functional recovery is an important issue in reconstructive surgery ([@A23325R1], [@A23325R2]). In recent decades, refinements in nerve repair and manipulation of the regeneration process with pluripotent stem cells or neurotrophic factors are the matter of extensive research ([@A23325R1], [@A23325R2]). Secure nerve repair is the most important key in successful nerve reconstruction ([@A23325R3]). For this purpose, several techniques for enhancement of nerve recovery have been developed such as tubulization (nerve wrapping) and epineural sleeve technique ([@A23325R3], [@A23325R4]). Tubulization, which first introduced with decalcified bone, consists of the wrapping of nerve repair site with tubular structures that may or may not contain substances that promote axon regeneration ([@A23325R5], [@A23325R6]). Veins are well-studied for tubulization as they are easily available, inert, biodegradable, and not compressing ([@A23325R7]-[@A23325R9]). The Schwann cells play a crucial rule in cellular regeneration, by switching from a myelinating phenotype into a growth supportive one. They provide a trophic support for axons and also macrophage recruitment to degrade axon and myelin debris resulting from Wallerian degeneration ([@A23325R10]). Therefore, the concept of improving the capacity of myelination and final quality of nerve function from supplementing the denervated distal environment with additional exogenous mature Schwann cells or their precursor cells was formed ([@A23325R10]). Bone marrow mesenchymal stem cells have been used as alternatives to Schwann cells for treating peripheral neuropathies, showing great promise ([@A23325R11]).

2. Objectives {#sec83267}
=============

The purpose of this study was to compare the vein tubulization technique, with and without mesenchymal stem cell, in gap-less nerve injury repair in rats.

3. Materials and Methods {#sec83274}
========================

3.1. Study Design and Animals {#sec83268}
-----------------------------

In this study, 36 Wistar rats (3-4 months old), weighting between 300 and 350 g were used. They were housed in cages, and maintained on a 12-hour light-dark cycle with free access to water and food. The rats were randomly allocated to three groups (n = 12, each group); in the first group nerve repair was performed with simple neurorrhaphy (group A: control group), in the second group nerve repair was done with vein conduit over neurorrhaphy (group B: vein conduit group) and in the third group after nerve repair with vein conduit over neurorrhaphy, marrow stem cells were instilled into the vein conduit (stem cell group). The animals were anesthetized with ketamine (90 mg/kg) and xylazine (9 mg/kg) and Ketamine was repeated if necessary during the procedure. Sciatic nerve function was evaluated for all groups at the beginning of the study; then, stem cell isolation and culture were performed in group C. Thereafter, an appropriate surgical intervention was done. Six weeks after the intervention, the sciatic function evaluation was repeated, electrophysiological study and histological examinations were also performed prior to euthanasia.

3.2. Bone Marrow Cell (Mesenchymal Stem Cells) Harvest {#sec83269}
------------------------------------------------------

Under general anesthesia, 0.4 mL bone marrow were aspirated from left tibia of rat using 21 gauge needle, and mixed with 5 mL Dulbecco\'s modified eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 100 IU/mL penicillin and 100 IU/ mL streptomycin. Bone marrow stem cells were washed by centrifugation for 3 minutes at 1200 rpm and followed by discarding the supernatant. The pellet was suspended in 1 mL DMEM and plated in 75 cm^2^ culture flasks at density of 10^5^ cells per mL in a 15 mL DMEM containing 15% FBS and antibiotics. The cultures were incubated in an atmosphere of 5% CO~2~ at 37°C. Three days after culture initiation, the medium was changed to discard the nonadherent cells. The cultures were then allowed to achieve 70-80% confluency. At this time, they were tripsinized and subcultured at 1:3 ratio. Two additional passages were performed to obtain sufficient cells, which were used to conduct the following experiments and cells were used after 3 passage and mesenchymal stem cell confirmation (surface markers, bone, cartilage and adipose differentiation).

3.3. Surgical Procedures {#sec83270}
------------------------

After the animals were anesthetized, the right sciatic nerve was exposed through an incision over the gluteal muscle incision and a 2-3 mm segment of the nerve was excised above the bifurcation area. The nerve specimen was sent for histological examination. In all groups, neurorrhaphy was performed under × 4.0 magnification loupe with two or three 11-0 nylon epineural sutures. For nerve conduit group a segment of right-sided jugular vein with an average length of 2 cm was harvested from right side and then proximal end of transected sciatic nerve was passed through the vein and after neurorrhaphy vein segment rolled to cover the repair site. For the stem cell group, repair was fashioned in the same way as the nerve conduit group, but after the completion of procedure 250 ×103 previously prepared cells suspended in 0.2 mL fibrin glue were injected into the vein. After completion of the procedure, skin was repaired with 4-0 nylon suture ([Figure 1](#fig16132){ref-type="fig"}).

![Surgical Procedure; (A-D): after exploration, a segment of vein is excised on to a tube; thereafter, vein segment is transferred on to a device to facilitate its use as a conduit; (E) final result after neurorrhaphy and its rolled vein segment to cover the repair site.](traumamon-20-23325-g001){#fig16132}

3.4. Functional Evaluation {#sec83271}
--------------------------

Functional aspect of sciatic nerve was expressed by sciatic nerve function index (SFI) using the method described by Reynolds and Weiss ([@A23325R12]). Rat's hind feet were dipped in ink and the rats were allowed to walk across a tunnel so that the footprints could be recorded on white paper loaded onto the bottom of the tunnel. The footprints of normal feet (N) and experimental feet (E) were measured and evaluated with 3 indices: length of the footprint from third toe to heel (PL), width of toes from 1st to the 5th toe (TS) and width of middle toes from 2nd to 4th toe (ITS). The SFI was calculated according to the formula described by Varejao et al. ([@A23325R13]): SFI=-38.3 \[(EPL-NPL)/NPL\] + 109.5 \[(ETS-NTS)/NTS\] + 13.3 \[(EITS-NITS)/NITS\]-8.8. SFI was calculated twice: once before an intervention for observing primary function of sciatic nerve and second, six weeks after operation for evaluation of regeneration quality. In general, SFI oscillates around 0 for normal nerve function, and around -100 for complete nerve dysfunction ([@A23325R14]).

3.5. Electrophysiological and Histological Study {#sec83272}
------------------------------------------------

For electrophysiological and histological study the rats were anesthetized and sciatic nerves were re-exposed. Electrophysiological tests were performed by application of an electrical stimulation (duration of 0.1-0.2 milliseconds, frequency of 1 Hz, and intensity of 1-15 mm) to the proximal side of the injured sites, and a recording electrode in the extensor digitorum ([@A23325R14], [@A23325R15]). The distance between two electrodes was measured by a caliper. The onset latency was recorded. Then, nerve dissection was performed at and below the repair site. A block of nerve distal to the repair site was excised. After preparation of nerve specimens; evaluation with × 100 magnification (Olympus, PROVIS Ax 70, Japan) nerve axon count was done randomly for four separate fields and the average was reported as axon count.

3.6. Statistical Analysis {#sec83273}
-------------------------

All data are presented as mean ± standard deviation (SD). Statistical analysis, after implementing Kolmogorov-Smirnov test for normality, was performed using one-way ANOVA and post-hoc tests with the SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). P \< 0.05 was considered statistically significant.

4. Results {#sec83275}
==========

All animals tolerated surgical procedures and survived well without any serious surgical complication. Preoperative and postoperative results of sciatic function index, axon count and nerve conduction velocity (latency in milliseconds) are shown in [Table 1](#tbl21175){ref-type="table"} and [Figure 2](#fig16133){ref-type="fig"}. After six weeks, gait analysis and electrophysiological study revealed better sciatic function index and latency in vein conduit and stem cell groups. The sciatic function was enhanced about 12% in the Vein conduit group (P = 0.04) and 14% in the stem-cell (P = 0.02) group compared to the control group. Also, latency was diminished about 13% in the vein conduit (P = 0.03) and 14% in the stem cell (P = 0.03) group compared with the control group.

###### Data Analysis for Each Experimental Group ^[a](#fn18934){ref-type="table-fn"},\ [b](#fn18935){ref-type="table-fn"},\ [c](#fn18936){ref-type="table-fn"}^

  Groups ^[b](#fn18935){ref-type="table-fn"}^   Axon Count /HPF   Postop Electrophysiology   Sciatic Function Index                           
  --------------------------------------------- ----------------- -------------------------- -------------------------------- --------------- --------------------------------
  **Group A (n = 12)**                          176 ± 36          133 ± 34                   1.55 ± 0.21                      -9.2 ± 3.99     -81.8 ± 5.06
  **Group B (n = 12)**                          170 ± 31          149 ± 26                   1.35 ± 0.21                      -10.1 ± 8.01    -70.8 ± 12.96
  **Group C (n = 12)**                          163 ± 32          144 ± 29                   1.34 ± 0.12                      -14.27 ± 9.09   -69.9 ± 11.19
  **Significance (P values)**                   None              none                       A vs. B: 0.038; A vs. C: 0.030   None            A vs. B: 0.046; A vs. C: 0.028

^a^Abbreviations: Preop, preoperative period; Postop: postoperative period

^b^Group A: simple neurorrhaphy, group B: vein conduit over neurorrhaphy, group C: vein conduit containing bone marrow derived stem cells over neurorrhaphy.

^c^ Data are presented as Mean ± SD.

Histological analysis, including mean axon count density was performed in all groups and compared to the normal proximal sciatic nerve blocks. In comparison to proximal blocks, 73%, 85% and 87% successful axon regeneration into distal segment was observed in the control, vein conduit and stem-cell groups, respectively. Although better regenerative density was observed in the vein conduit and stem-cell groups (14% and 15%, respectively) compared to the control group, no statistically significant difference was observed (P = 0.30 and P = 0.39, respectively). Moreover, no significant regenerative density was observed between the vein conduit and stem cell groups (P =0.90).

![Comparison Between Ultimate Sciatic Function Index, Latency and Percentage of Distal Axon Count With Normal Proximal Count in Three Different Groups; graph shows a signiﬁcant improvement of sciatic function index and latency in vein conduit and stem cell group (Group B and C), compared to the control group (Group A) \[\* P =0.03; \*\* P =0.04; \*\*\*P =0.03; \# P =0.02\].](traumamon-20-23325-i001){#fig16133}

5. Discussion {#sec83276}
=============

In the present study, rat sciatic nerve regeneration was significantly better when meticulous microsurgical nerve repair was performed with vein tubulization. However, the addition of bone marrow mesenchymal stem cells to the vein tubulization technique failed to promote any significant changes in regeneration outcome. It is suggested that due to the rich source of collagen and laminin in the adventitia and the medial layer of vein, tubulization with vein wrapping can facilitate nerve regeneration ([@A23325R16], [@A23325R17]). Other theoretical advantages of tubulization, which can explain enhanced outcome is providing an optimal biomechanical chamber at the repair site, which collect axoplasmic fluid from the transected nerve end and prevention of adherent scars and dispersion of fascicles and regenerating axons from the suture line ([@A23325R3], [@A23325R7], [@A23325R8], [@A23325R18]). The last advantage concerns the prevention of neuroma formation ([@A23325R7]-[@A23325R9]). Although, histological examinations revealed less epineural scarring, a thinner epineurium, more regenerated axons and fewer inflammatory cells when nerve repair is wrapped with vein ([@A23325R5], [@A23325R18], [@A23325R19]). On the other hand, the efficacy of bone marrow stem cells to enhance nerve regeneration, optimal number of transplanted cells, in vivo survival of injected cells and true potential in differentiation into growth-supporting cell linage remain to be established ([@A23325R10]); however, the present study did not support their benefit. Even with initial enthusiasm, limited capacity of these pluripotent cells toward a Schwann-cell-like linage ([@A23325R20], [@A23325R21]) and importantly, lack of definite evidence for their ability for in vivo production of myelin, decrease their significance for clinical use ([@A23325R10]). In conclusion, the present study indicates that vein tubulization can be an effective adjunct to surgical nerve repair; however, bone marrow mesenchymal stem cell may not be a suitable cellular strategy to promote regeneration in acute nerve injury.
